Introduction
Dielectric formulation and processing technologies for multilayer ceramic capacitors (MLCCs) have been exten sively investigated in the electronics industry. 1) Recently an MLCC with perovskite (Ba, Ca) (Ti, Zr)O3 dielectric and with base-metal internal electrodes (BMEs) such as nickel has been developed to reduce the process cost. 2) In this case, the dielectric should be cofired with BMEs in a reduc ing atmosphere (N2/H2) to prevent the oxidation of the in ternal electrodes. During firing in a reducing atmosphere, large amounts of ionized oxygen vacancies Vo2+ and elec trons are formed, which give rise to a high electric conduc tivity. Therefore, the electrons must be trapped by doping acceptor. As long as the number of oxygen vacancies is be low that of acceptors, the BME material remains in a highly insulating state. Even at room temperature the ionized oxy gen vacancies are rather mobile in the electric field. BME materials thus exhibit a high ionic contribution in the con ductivity. The high ionic conduction often leads to a low in sulation resistance (I. R.) and poor life stability of BME MLCCs.
Recently, rare earth elements have been employed for the improvement of life stability of BME MLCCs sintered in reducing atmosphere. 3) Theories proposed for stability en hancement upon rare earth doping are classified into the fol lowing two major categories.
1.1 Rare earth incorporated into A-site Cation vacancies are considered to be generated by the addition of donors. These are assumed to compensate the oxygen vacancies generated during sintering in a reducing atmosphere, or during acceptor doping, thus realizing a lon ger lifetime. Nakano and Nomura4) suggested that the incor poration of rare earth donors into A-sites reduced the con centration of oxygen vacancies and hence improve the life time of MLCC. However, although the addition of donors is effective in ensuring a long life, this does not explain why the addition of rare earth is more effective in the prolonga tion of life than other types of donor.
1.2 Rare earth incorporated into B-site Randall and Shrout5) proposed an alternative hypothesis to explain the improvement of the lifetime based on highly accelerated life test (HALT). Figures2 and 3 show the admittance spectroscopy for 1mol% Dy-doped and 3mol% Dy-doped (Ba)1 .003 (Ti, Zr)O3 with Ba-excess. The difference between Fig.2 and Fig.3 is that 3mol%-Dy-doped BTZ exhibited an extra relaxation at 104Hz. As described previously by Sato et al., 6) this relaxation peak was mainly attributed to the exis tence of Ba2+ vacancies created by Dy3+ substitution at the perovskite A-sites. The admittance spectroscopy indicates that all Dy ions were incorporated into B-sites in the 1mol% Dy-doped BTZ sample and Dy ions were incorporated into both A-and B-sites in 3mol%-Dy-doped (Ba)1 .003 (Ti, Zr)O3 with Ba excess. The findings from admittance spec troscopy are in agreement with the lattice parameters meas ured by XRD. As shown in Fig.1 , the concentrations of ac ceptors and donors in (Ba)1 .003 (Ti, Dy, Zr)O3 with Ba ex cess were calculated according to Vegard's Law. Figure4 shows the distribution of Dy into Ba-or Ti-sites, as increas ing amount of total Dy in (Ba)1.003 (Ti, Zr)O3 with Ba ex cess. Below 2mol% Dy addition, all Dy ions were incorpo rated into Ti-sites, Above 2mol% Dy addition, Dy ions were incorporated into both Ba-and Ti-sites and the proportion of distribution into Ba-and Ti-sites was about 3 to 2.
3. [
[A]+2e- (b) Upturn region (I) (2-2.5mol% Dy) When Dy content increases above 2mol% which is the threshold of Dy incorporation from B sites to A-sites, life time was abruptly increased. Corresponding to the change of the incorporation of Dy, the role of Dy is also changed from an acceptor to a donor. It is well known that the addi tion of donor is effective in prolonging the lifetime of I.R. 8) Cation vacancies are considered to be generated by the addi tion of donors and are assumed to compensate the oxygen vacancies that have been generated during firing in a reduc ing atmosphere or during acceptor doping, thus realising a longer lifetime. Dy2O32DyBa1++3Oo+VBa2-(6) Vo2++VBa2-null
YBa1+andDyBa1+donors as reported previously8) are highly effective in improving the life stability by 10 orders of magnitude; the addition of various types of donors exert different influences on the lifetime. 9) Rare earth elements produced the most significant prolongation of lifetime in comparison with other type of the donors. Apparently, for the improvement of lifetime, the compensation of oxygen vacancies by the addition of donors is the only a plausible explanation. The actual mechanism of lifetime improvement upon adding DyBa1+ is still to be clarified by further ex perimentation.
(c) Downturn region (II) (2.5-3mol% Dy) In the region of Dy addition between 2 and 3mol%, the peak of lifetime apparently occurred at 2.5mol% Dy. Upon increasing Dy content to 3mol% from 2.5mo%, lifetime decreases. As mentioned above, even though the addition of donors is effective in ensuring a long lifetime, this does not explain why the lifetime becomes shorter when Dy is in creased from 2.5mol% to 3.0mol%. The lifetime behaviour seems to be controlled by another mechanism. In order to explain the discrepancy, the impedance measurements have been studied. Impedance measurements of 2.5% Dy doping revealed Maxwell-Wagner relaxation in samples containing Dy incorporated into A-sites, as shown in Fig.6 . A grain boundary barrier seems to exist only with Dy doping above 2.5mol%.
The total impedance of the samples is
In the simplest interpretation, each part of the system can be described as a resistor in parallel with a capacitor; the Fig.7 .
Grain boundary barrier layer model.
The ionic conduction can be reduced by the formation of insulating barrier layers on grain boundaries. Barrier layers are produced by the segregation of ionic impurities on the grain boundaries. 10) One mode of the grain boundary barrier layer effect is shown in Fig.7 . In acceptor doped BME material thin layers of donor-type are assumed to be particu larly effective on improvement of lifetime. The shifting of Dy from the B-site where it acts as an acceptor to the A-site, where it acts as a donor is a favour of barrier formation at grain boundaries. This explanation is in agreement with BME degradation mechanism (3) that emphasizes the pin ning of the migration of oxygen vacancies at the grain boun dary due to the presence of the energy barrier. Apparently, lifetime would be in proportion to the height of energy barri er at the grain boundaries. Even though more donors exist ed in 3mol%-Dy-doped samples than in 2.5%Dy-doped samples, indicating that the former have fewer oxygen vacancies than the latter, 2.5mol%-Dy-doped samples have a longer lifetime. These results indicate that pinning of the migration of oxygen vacancies across grain boundaries is more effective for increasing the lifetime than the reduction of the number of oxygen vacancies. In other words, the migration of oxygen vacancies across grain boundaries is the rate-limiting factor in the degradation process. In con trast to downturn (I), there is no barrier formation at grain boundaries due to the absence of donors (DyBa1+), the num ber of oxygen vacancies is effective in the degradation process. These findings strongly support grain-boundary mode in which the grain boundary plays a role in the degra dation phenomenon.
According to impedance measurement, the reduction of the concentration of oxygen vacancies is one of the causes of degradation suppression in the upturn region (I). Another cause is the formation of a barrier at grain boundaries and pinning of the migration of oxygen vacancies across grain boundaries. These findings strongly suggest that the presence of donors in a dielectric material sintered in a reducing atmosphere not only reduces the number of oxy gen vacancies but also helps the formation of barriers at (3) and reveal that the barrier height at the grain boundary is closely related to the donor charac teristic, both of which apparently exert different effects on individual barriers at grain boundaries and on grain size. It is postulated in a few theories that a dc-field-induced de terioration of grain boundaries is responsible for the degra dation of insulation resistance15), 16) which would mean that lifetime is proportional to the number of grain boundaries. Impedance data shown in Fig.6 also reflects the reduc tion of grain size upon the addition of 3.5mol% Dy. Due to the increase of the number of grain boundaries, the barrier of grain boundaries is greatly enhanced so that oxygen vacancy migration is pinned at the grain boundary and life time is increased. Although the lifetime improvement in the two upturn regions (I) and (II) are both due to the pinning of the migration of oxygen vacancies at grain boundaries, this ac tual mechanisms are different. In the case of upturn (I), the grain size is almost the same as that in the case of downturn (I), however, the height of the barrier of individual grain boundaries is greatly enhanced by the shifting of Dy incor poration from the Ti-site to Ba-site. In contrast to upturn (I), in the case of upturn (II), the height of the barrier for individual grain boundaries was lowered due to the increase of donor concentration. In addition, grain size is greatly reduced as compared with the upturn (I) region, indicating that the number of grain boundaries of samples exhibiting upturn (II) is largely increased so that in term of the total macrophysics, the height of barriers is still high.
Based on the above discussion, we can conclude the fol lowing as summarised in Table1. Presumably both the con centration of oxygen vacancies and the height of barriers at grain boundaries are two important parameters of life stabil ity. The concentration of oxygen vacancies is closely related to the reducing atmosphere, temperature and concentration of acceptors/donors. In our case, the sintering conditions in cluding the atmosphere and temperature were fixed. The results indicated that the concentration of oxygen vacancies is only dependent on the concentration of acceptors or donors. More acceptors resulted in a higher concentration of oxygen vacancies. On the contrary, the concentration of oxygen vacancies is reduced with increasing donor concen tration. As shown in Fig.4 , with increasing Dy concentra tion above 2mol%, the rate of increase of the number of donors is higher than that of acceptors. This implied that net donor concentration increases with increasing Dy concen tration. In other words, the concentration of oxygen vacan cies is gradually reduced with increasing Dy concentration.
The electrical measurements of BTZ doped with Dy rev eal that the conductivity is dominated by the ionic effect. The electronic contribution to conductivity seems to be negligible. The shift of a small amount of Dy from the B-site to the A-site in BTZ seems to give rise to reduced bulk resistance and life stability. Impedance measurement results clearly indicated a pronounced Maxwell-Wagner relaxation, as shown in Fig.6 . Barrier layer effects occur only at the saturated solubility of Dy incorporated at Ti -sites. The increase of the barrier layer height, however, seems to be compensated by the reduction of the bulk resistance. 9) The study of Dy-doped BTZ clearly showed that DyBa3+ is a bulk donor dopant which strongly improves the life stability of the bulk material. Since the electrical conductivity of BTZ is widely determined by the ionic con tribution of Vo2+, we conclude that Dy donors clearly retard the mobility of Vo2+. There were indications that insulating barrier layers formed donor on the grain boundaries upon adding DyBa3+ which could help to suppress electromigra tion of oxygen vacancies.
Although the lifetime improvement in two upturns region (I) and (II) are both a result of pinning of the migration of oxygen vacancies at grain boundaries, their actual mechan isms are different. In the case of upturn (I), the grain size is almost the same as in the case of downturn (I), however, the barrier height of individual grain boundaries is greatly enhanced by the shift of Dy incorporation from the Ti-site to the Ba-site. In contrast to upturn (I), in the case of upturn (II), the barrier height of individual grain boundaries was lowered due to the increase of acceptor concentration, however, grain size was greatly reduced as compared with that in the case of the upturn (I) region, indicating that the number of grain boundaries in samples exhibiting upturn (II) is largely increased so that in term of the total macro physics the height of barriers is still high.
Conclusion
(1) Dy3+ ions enter both the A-and B-sites of the peroviskite structure, depending on whether there is a Ba or Ti excess. Dy3+ enters Ba-sites as donors and maximum solubility is 2mol% for Ti excess. However, the total solu bility on A and B-sites can be as high as 8mol% for Ba-ex cess.
(2) The experimental results indicated that the addition of DyBa1+ acting as donor can dramatically improve the stability of life due to the reduction of oxygen vacancies and the formation of a barrier of grain boundaries that suppress es electromigration of oxygen vacancies. 
